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1 Introduction
Although we do not yet have a consistent quantum theory of gravity, there is a sim-
ple requirement that can be placed on any sensible theory: It should be capable of
describing quantum matter elds interacting with an essentially classical gravitational
eld in some limit. This is known as the semiclassical limit of quantum gravity. In
some formulations of quantum gravity, such as perturbation theory for the linearized
eld around a given background, quantum eld theory in curved spacetime is built in.
In non-perturbative approaches, however, where spacetime is only a derived concept,
it is useful to see how this limit can be obtained.
Some considerable work towards understanding the semiclassical limit has been
done in the canonical approach to quantum gravity using the ADM formulation [1].
In this approach there is no background spacetime, since the dynamical variables are
the 3-metrics of spacelike hypersurfaces, plus the matter elds on these hypersurfaces.
Employing the Dirac procedure, physical states must be annihilated by the momentum
and Hamiltonian constraints. The momentum constraints reduce the phase space to
the space of all 3-geometries (the equivalence classes of 3-metrics under spatial dieo-
morphisms). The Hamiltonian constraint is imposed by the Wheeler{DeWitt equation
which has the eect of factoring out translations in the time direction, and is a direct
analogue of the Klein-Gordon equation in the quantized relativistic particle.
The semiclassical limit is obtained by expanding the Wheeler{DeWitt equation in
powers of the gravitational coupling constant G. To rst order, a perturbative solution











] is a Hamilton{Jacobi
function for general relativity). As was shown by Lapchinski and Rubakov, and later
by Banks [2], the next order approximation is obtained by solving the functional
Schrodinger equation for a matter state on a set of eikonal trajectories correspond-




]. The approach of
Refs. [2] focussed on deriving the Schrodinger equation for matter variables propagat-
ing on a classical background, without giving a careful treatment of the gravitational
degrees of freedom. More recently, attempts have been made to interpret the entire
state, including both matter and gravity [3, 4]. It has been suggested that a solution
of the gravitational WKB equation could be interpreted as describing a statistical en-
semble of classical spacetimes, each of which acts as a background for quantum matter
elds (see [5] for a review of this point). Some reservations have been expressed about
this interpretation [6], and it seems that simple WKB eikonals may not be adequate.
We add simple arguments explaining why a rst order WKB state cannot be used to
describe the state of a classical gravitational eld of the kind we observe, and why it is
not consistent to regard the ensemble as statistical in any sense. The question we then
have to address is whether it is possible to nd a modication of a rst order WKB
state that can consistently describe a single classical spacetime, but that still leads to
the functional Schrodinger equation.
1
It is useful to recall how a state representing a single spacetime can arise from a
superposition of WKB type states, a point of view expressed originally by Gerlach
[7], but which appears to have been discarded in the standard semiclassical WKB
interpretation. The importance of this is most clearly understood in a reduced phase
space language, which can be derived from standard Hamilton{Jacobi theory for the
gravitational eld. Using this language, it is evident that a state which admits a
classical interpretation must be well localized in the constants of the motion that
classify dierent classical spacetimes. The operators corresponding to these variables
occur in canonically conjugate pairs, and so do not all commute. Thus Gerlach's states
can be understood as coherent states with respect to these observables. The important
result is that superpositions of this kind can be approximated by gravitational WKB
states with a judicious choice of the WKB prefactor. As a consequence, the functional
Schrodinger equation for the matter state still appears in the second order expansion
of the Wheeler{DeWitt equation with this choice of state to describe the gravitational
eld. It follows that a consistent semiclassical approximation exists that describes
quantum elds propagating on a single xed background.
Identifying the correct superposition of rst order WKB states that leads to a con-
sistent semiclassical interpretation is essential in order to discuss the Wheeler{DeWitt
equation beyond the semiclassical approximation. A coherent superposition can be
used to demonstrate the absence of quantum gravity eects in macroscopic physics.
It can also be used to predict the situations in which the semiclassical approximation
breaks down, an example being the breakdown of the semiclassical picture close to a
black hole horizon described in Refs. [8, 9].
The study of the semiclassical limit of quantum gravity is of interest for a variety
of reasons. The rst question that one should ask in quantum gravity is how the
3+1 dimensional spacetime emerges from the wavefunction on 3-geometries. The usual
approach is then to ask how matter states are to be dened, how these form a Hilbert
space, and what ought to be an inner product on such states. In that case it is essential
to identify a single background spacetime on which a many ngered time function  (x)
is dened; the uctuations of gravity around this mean metric are then included as
normal degrees of freedom (gravitons) on the same footing as the matter degrees of
freedom.
Here we shall consider a somewhat dierent construction, focussing on what kind
of a solution to the Wheeler{DeWitt equation best represents an approximately clas-
sical spacetime with matter propagating on it. It is unclear how one would determine
what wavefunction the Universe (or a region thereof) would have from rst principles.
However, one usually imagines that the process of decoherence leads to an eective
description where semiclassical gravity is valid. Thus for the matter observables of
interest one imagines that out of all 3 geometries on which the wavefunctional has
support, only those close to a mean 3+1 dimensional spacetime eectively contribute.
Thus it makes sense to construct a wavefunction that directly describes such a semiclas-
sical limit. Here not only must the gravity look classical, but the matter must evolve
to a good approximation by the Schrodinger equation on this metric. We discuss in
2
this paper how such a wavefunction should look.
In Sec. 2 we present a review of the expansion of the Wheeler{DeWitt equation in
powers of the Planck mass, and discuss the pros and cons of standard interpretational
framework that accompanies this expansion. In Sec. 3, we discuss the WKB state in
quantum gravity in terms of physical (non-gauge) degrees of freedom, in order to show
why a coherent superposition of rst order WKB states is the quantum state of the
gravitational eld that exhibits classical behaviour. In Sec. 4, we show how a super-
position of WKB states is approximated by a single WKB state, where information
about superpositions is contained in the WKB prefactor. In this way a superposition of
WKB states leads to the functional Schrodinger equation within the usual perturbation
expansion. Sec. 5 contains a discussion of higher order corrections to the semiclassical
approximation, with the aim of understanding when and how this approximation can
break down. Finally, in Sec. 6, we review some results from a 1+1 dimensional model
which serve to to illustrate the rather formal discussion of Sec. 3.
2 The semi-classical approximation
Expanding the Wheeler{DeWitt and momentumconstraint equations order by order in
the gravitational coupling constant G leads to a WKB approximation. The aim of this
approximation is to nd a quantum state that represents both a classical background
spacetime and a quantum eld propagating on that background. In this section, we
shall give a brief review of some of the large amount of work on this subject [2, 3, 4].
We ignore the details of the momentum constraint in the following discussion, and
assume that spatial dieomorphism invariance is imposed at all orders. We do not need
to specify whether we are working with open or closed spatial topology. Although we
shall generally assume that spacelike hypersurfaces are compact, this discussion can
be easily generalized to spacetimes with well-dened asymptotics (see for example Sec.
6.2).


















	[f; h] = 0 (1)












is assumed to be of the same order. Eq. (1) can then be expanded
perturbatively in G. The rst order equation simply states that S
0
[f; h] = S
0
[h] is
independent of the matter degrees of freedom. At the next order, we nd that S
0
[h]















hR = 0: (3)
3
There is not a unique solution to the Hamilton{Jacobi equation (3), so there is some
freedom in the choice of S
0
[h], as we shall discuss in detail below.
At the next order, we obtain an equation for S
1
[f; h]. It is convenient to split
S
1








is the next order is the full WKB approximation to the purely gravitational Wheeler{

























D[h] = 0: (5)













is an evolution equation for the functional [f; h] on the whole of superspace (the
space of all 3-geometries). Its solution requires initial data for [f; h] on a surface in
superspace.
Eq. (6) is closely related to the functional Schrodinger equation. Having specied
the initial data, it can be solved by the method of characteristics, by restricting to












=  2N(x;  )K
ij




(x;  ) (7)
which give the family of solutions of Einstein's equations dened by the Hamilton{
Jacobi function S
0
[h]. The solution of Eq. (7) requires a choice of integration constants
and a choice of lapse and shift functionsN(x;  ) and N
i
(x;  ). The integration constants
specify dierent classical spacetimes while the lapse and shift are just choices of co-








where  is the time parameter corresponding to the chosen foliation.
There are two potential integrability conditions to worry about when solving Eq.
(6) using the method of characteristics. Firstly, Eq. (7) can be integrated using dif-
ferent lapse and shift functions, corresponding to using dierent co-ordinates on the
background spacetime. We expect (8) to be covariant under changes of co-ordinates,
but this is not always the case. Integration with dierent lapse and shift functions can
lead to ambiguities in the denition of [f; h], as has been discussed by various authors
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[11, 12, 13]. We shall ignore this problem here. Secondly, there is the question of dier-
ent integration constants in the solution of Eq. (7), corresponding to integration of (6)
along dierent classical spacetimes. Formally this causes no problems, since in general
there is at most one solution to Einstein's equations that passes through any point in
superspace and is compatible with a given Hamilton-Jacobi function S
0
[h]. However,
as we shall see in Sec. 5, this is an important issue when considering corrections to the
semiclassical approximation.
It has been argued that although (4) has support throughout superspace, its Wigner



















describes an ensemble of semiclassical spacetimes, where the WKB prefactor D[h] gives
a measure on the ensemble of solutions, suggesting a statistical interpretation.
Since each eikonal trajectory dened by S
0
[h] is exactly classical, it does not make
sense to regard (9) as describing an ensemble. Even if some form of decoherence is
invoked, it is impossible for a quantum state to describe an ensemble of strictly classical
spacetimes. It might at rst sight appear that xing an initial 3-geometry will select one
characteristic from this ensemble and then any subsequent question about the matter
state depends only on integration along that characteristic. However, the observation
of an initial 3-geometry is not compatible with a state that has support on the whole of
superspace since it cannot leave that state unperturbed
1
. In order for a wavefunctional
to describe a classical background, it should have expectation values for observables
associated with classical quantities that are well dened with small quantum spreads.
Observables associated with picking out a particular characteristic certainly fall into
this category. This suggests that a quasiclassical state for the gravitational eld should
have support on a narrow tube in superspace around a classical spacetime, much like
a quasiclassical state in quantum mechanics.
3 The WKB state in quantum gravity
In this section, we shall focus on the gravitational WKB state. We present a review
of Hamilton-Jacobi theory as applied to the gravitational eld, which claries the
interpretation of WKB states.
3.1 Hamilton{Jacobi theory and WKB states
Let us begin by considering the general relativistic Hamilton-Jacobi equation (3). In
order to specify a solution of (3), it is necessary to supply a series of constants of
1
The idea that any observation dramatically perturbs the gravitational state is somewhat out of
line with a semiclassical interpretation. After all, if this were to happen, the interesting question
would then be to identify the perturbed state, which would be the one giving semiclassical behaviour.
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integration which are usually called {parameters in Hamilton{Jacobi theory (see for
example Ref. [14]). Any solution S takes the form S[h
ij
(x); ], where  represents
an innite number of integration constants (equivalent to two eld theory degrees











gives the momenta conjugate to h in terms of h and . Eqs. (10) are a set of rst
order dierential equations (c.f. Eqs. (7)), that yield solutions to Einstein's equations,
but require a further set of integration constants to pick out a particular solution.







which are precisely the integration constants for (10), and then solving for h
ij
(the
set of all h
ij
that satisfy this equation form a track in superspace dening a solution
of Einstein's equations). From either (10) or (11) it follows that a single solution of
Einstein's equations requires a choice of values for both the  and  parameters.
Although this is so far just standard Hamilton{Jacobi theory, it helps to understand




. It is clear that a WKB state supplies the values of
the  parameters, but that denes a family of solutions to Einstein's equations with
xed  and arbitrary . It is in this sense that the WKB state contains information
about an ensemble of spacetimes. Given a set of  parameters (i.e. a Hamilton{Jacobi
function), a 3-geometry h
ij




We can use Hamilton{Jacobi theory to obtain a gauge-invariant description of WKB





are constants of the motion { that is they have vanishing Poisson bracket with the









], and are similarly constants of the motion. They are dened






























and the  and , so that the Hamiltonian vanishes in the new co-ordinates. We are
free to write our theory in terms of these constants of the motion. The  and  are co-
ordinates and momenta on the physical phase space
2
(if we assume that we have solved
the momentum constraint) and so are the correct variables to use for quantization
according to the Dirac procedure. They can be though of as parametrizing classical
2
Of course the implicit equations (10) are extremely dicult to solve in four dimensions, and so
this discussion should be regarded as somewhat formal in this sense.
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; fH; g = fH; g = 0 (14)
to an operator algebra in the space of functionals 	[h
ij
(x)], ignoring any anomalies or
ordering ambiguities. Although the Hamiltonian vanishes in the  or  representation,
so that any state 	[] or 	[] is automatically a physical state, we continue to work in
the metric representation since this makes the interpretation of states somewhat easier.












is an approximate eigenstate






] with eigenvalue 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] + o(hG): (15)









. Then the leading order contribution to the rhs comes when all
derivatives bring down the exponent with its accompanying powers of 1=hG. In this





















. An eigenstate of ^ can be expected to have








] is damped where h
ij
is
not found within any classical solution dened by 
0
and  for any .
The above discussion shows that rst order WKB states in the metric representation
are closely tied to the  parameters. Since there is no known physical principle that
prefers the  parameters to the 's, for example, it seems rather odd that they play such
an important role in the semiclassical approximation. It would be more satisfactory if
some mechanism restored a symmetry between the 's and the 's. Eq. (15) for the
rst order WKB states suggests thinking about the general properties of eigenstates





gauge invariant quantities, and any sensible observation within that spacetime implies
a knowledge of both  and  to some degree of accuracy. For example any sequence of
observations of h
ij
that is made within a classical spacetime must yield values for both
 and  to a reasonable accuracy. This shows that the quantum state corresponding
to a classical spacetime should have expectation values for both ^ and
^
 with small
quantum spreads, rather than being an eigenstate of one set of operators. This can be
achieved by taking a gaussian superposition of eigenstates of ^.
4 WKB superpositions and the semiclassical ap-
proximation






] of the WKB
approximation. We have seen that this is closely related to an eigenstate of ^. At any
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subsequent order, there is a freedom in how we choose to solve the Wheeler{DeWitt
equation, which allows us either to construct successive approximations to an exact
eigenstate of ^, or to construct other states. These other states must be some subset
of superpositions of ^ eigenstates since eigenstates of ^ form a basis for the set of all
physical states.






A general physical state is a superposition of eigenstates of ^. The discussion in the
previous section suggests that a quasi-classical state in quantum gravity should be a
















where !() is a distribution that ensures a close to minimal uncertainty in both sets of
observables  and . It has support only on a restricted region of superspace centered
around a classical trajectory, and is compatible with weak observations of a classical
spacetime which eectively measure the gauge invariant quantities  and .
From the fact that a rst order WKB state approximates an eigenstate of ^, we can
obtain an expansion in hG for the superposition (16). The important conclusion we
reach is that an approximation to (16) can be obtained in the usual perturbative ex-
pansion in powers of hG of the gravitational Wheeler{DeWitt equation, by appropriate
choice of integration constants for the terms of higher order than S
0
[h].
A simple example of this is given by the WKB approximation of the free relativistic
particle. Although the rst order WKB wavefunction solves the Klein{Gordon equation
exactly, a WKB prefactor that is not constant approximates superpositions of the exact
WKB states. As was rst noted in Ref. [17], the fact that the Klein{Gordon equation
is second order implies the presence of degrees of freedom that can give rise to the kind
of superpositions we are considering.

































. Here we are working with  and  normal-
ized so that they have the same dimensions and that [; ] = hG. The choice of !()
ensures that  and  are localized to within
p





also assume that some  and  are large compared to
p
hG so that there is a large
dimensionless parameter with respect to which we can perform the expansion. This
is related to the physical criterion that uctuations should be small compared to the
characteristic scale of the solution. For example, a cosmology with a maximal size of
the order of the Planck scale (see Sec. 6 for an example) should not be considered
classical.









































in powers of  
0
.
Keeping the terms contributing to S
0























































































term in (18) is the rst order WKB approximation for  = 
0
, the center of the
gaussian, and is the only rapidly oscillating term of order 1=hG. The other terms all
belong in the next order correction, S
1
. The last two exponentials are corrections to
S[
0
] and provide some order h corrections to Einstein's equations. The remaining
terms are real and make up part of the WKB prefactor D[h
ij
]. The important term is
the exponential, which damps 3-geometries h
ij
which are not compatible with  = 
0
.
Although the  and  damping in this representation occur in dierent ways, the





. This is precisely what one expects for a gaussian superposition
(16).
The denition of a semiclassical state is not limited to the case where !() is an
exact gaussian. A general !() in (16) will do equally well provided that it is peaked
around some 
0






























We conclude that any quasiclassical superposition of pure WKB states is approx-
imately of the WKB form (4) if we take the prefactor into account. Thus a coherent
superposition ts into the expansion scheme described in Sec. 2, and the matter por-
tion of the WKB state, [f; h], is still given by solving the functional Schrodinger




classical solution. The characteristics are only those for 
0
and for all 's within the
tube, so that the semiclassical approximation still looks asymmetric with respect to 
and . However, the dierences between evolving [f; h] on any of the characteristics
generically belong to lower order corrections because of the narrowness of the tube.
In this sense the asymmetry has been removed and we can think only of solving the






5 Beyond the semi-classical approximation
The fact that a semiclassical wave functional for gravity (18) has support on a tube
in superspace rather than a single eikonal track indicates the presence of corrections
beyond the simple picture of quantum eld theory on a single background spacetime.
These corrections should be compared with those discussed by Kiefer and Singh [18].
In general, they should be related to Planck scale physics, as was rst explained by
Wheeler [19].
When one wants to talk about quantum gravity beyond the semi-classical approx-
imation, the lack of a background spacetime, and of the notion of matter elds living
on that background makes life dicult. It is unclear what is meant by a unitary theory
and how to dene an inner product under these circumstances. It is likely that some or
all of these concepts make sense only to the same order as the semiclassical approxima-
tion, but nonetheless they form the basis of our description of nature. The semiclassical
approximation using gaussian states is very much in agreement with Wheeler's picture,
since the Planck scale uncertainties in  and  can be related to uctuations in the
underlying spacetimes which are generically on the Planck scale (see Ref. [9] and some
of Wheeler's original arguments [19]).
Lets examine what we can learn qualitatively about corrections arising from the









To the order of the semiclassical approximation (equations (5) and (6)), this is given
by taking h
ij
to be embedded only in the spacetimes labeled by 
0
and some . Then




[f ] is a solution to the functional Schrodinger equation on a xed
background.
Corrections to this approximation come from taking into account contributions
from all the possible spacetimes labeled by  and  which are not damped in the
gaussian state. A simple way to get qualitative information about these corrections
is to consider solving the functional Schrodinger equation on all of these spacetimes
(not just those with  = 
0
) and comparing the properties of the solutions. In order
to solve the functional Schrodinger equation for the set of spacetimes dened by (18),
it is necessary to give initial data on each of them (that is on a surface in superspace
transverse to the tube). This initial data should presumably be arranged to make the
corrections to the semiclassical approximation as small as possible.
If there are to be only Planck scale corrections to the semiclassical approximation,
the dierence between Schrodinger evolution of matter states on each of the spacetimes
should be small, except at the Planck scale. If this is not the case, the results obtained
to the order of the semiclassical approximation are not consistent. It is clear that one
situation in which the semiclassical approximation breaks down unexpectedly is if there
is chaotic behavior of the matter state with respect to the  and  parameters.
An example of the comparison of matter states is provided by comparing the prop-
erties of matter correlation functions in all the dierent spacetimes. An insertion point
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(i.e. an event) is only dened by its position on a 3-geometry (since the basic variable
in canonical quantum gravity is a 3-geometry). To dene a correlation function one





all the insertion points. The insertion points are dened by the 3-geometry and their
locations within it. Next one needs to look at how the given 3-geometry is embed-
ded in the other spacetimes. This then identies the insertion points in each of the
spacetimes, allowing a comparison of the correlation functions to be made [9].
The location of the insertion points in other spacetimes depends upon the choice




spacetime. It follows that the size
of the corrections depends on the choice of 3-geometry and thus on how one chooses
to foliate the mean spacetime. However small the dependence on the choice of folia-
tion, this seems to say that coordinate invariance is lost
3
, which looks puzzling since
we started o with the Wheeler{DeWitt equation which is supposed to impose that
symmetry. Recall, however, that the familiar notion of coordinate invariance comes
from the semiclassical expansion of the Wheeler{DeWitt equation, which gives a co-
variant equation for matter evolution on a xed background spacetime. To this order,
observations are independent of a choice of foliations of the mean background space-
time. It is this notion which breaks down when one takes into account the geometry
uctuations which are higher order corrections. This is because the meaning of the
Wheeler{DeWitt equation is dierent at this next order, since the notion of dieomor-
phism invariance is now a property of the combined matter{gravity system, not just
of matter on a xed background.
What makes this discussion particularly relevant is that quantum gravity eects
that normally occur at the Planck scale are magnied to the classical scale by the ap-
parently chaotic behaviour of functional Schrodinger evolution on certain hypersurfaces
close to a black hole horizon. In the 1+1 dimensional CGHS model [20], it was shown
in [9] that, for a particular choice of hypersurface, an insertion point located near the
horizon in a mean spacetime of mass M is identied with points almost all over the
horizon in spacetimes of masses diering from M on the Planck scale. This is enough
to show that corrections to the semiclassical approximation can be large. Also, since
the result depends sensitively on the choice of hypersurface, it indicates a breakdown
in coordinate invariance. This probably means that in an eective description, the
results of certain sets of observations near the black hole horizon are not covariant, a
conclusion similar to those of 't Hooft [21] and Susskind [22].
6 A two-dimensional example
The use of Hamilton{Jacobi theory to reduce to the physical degrees of freedom was
discussed rather abstractly in Sec. 3. It is instructive to illustrate this using a simple
1+1 dimensional dilaton gravity model, which also allows some brief comments about
3
This foliation dependence is independent of the anomalies discussed in Sec. 2 and in Refs. [11,
12, 13].
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open spacetimes. The model we shall consider was discussed by Louis-Martinez et al
[23], and we shall make extensive use of their results. Related work on open and closed
spacetimes can be found in Ref. [24].
6.1 Classical theory: closed universe








 g [R   V ()]
where x is a periodic co-ordinate (with period 2), so that M = S
1
R. A constant
potential V () =  4
2
gives the closed universe version [25] of the CGHS model [20].















for the metric g




























while the lapse and shift functions N and N
?
are Lagrange multipliers. As usual, the
























































This is solved by the functional





















where C is a constant,
Q
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(23) is also invariant under spatial dieomorphisms.
In the Hamilton{Jacobi function (23), we see the presence of a parameter C which
is the  parameter in this problem. To deduce C as a functional of ,  and their
















































It is easy to check that C and P are conjugate and that they have vanishing Poisson
brackets with the constraints.
From Eq. (23) for the Hamilton{Jacobi functional, we can solve the classical equa-











and Eqs. (19) and (20).
For a constant potential V () =  4
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for all values of C and P .
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6.2 Classical theory: spacetimes with boundary
The case of an open universe has been studied by various authors [24]. It has been
shown that the variable C is related to the ADM mass of the spacetime, while P ,
integrated throughout a spacelike slice, is related to the time at innity (or more
precisely, to the synchronization between times at innity). These results are in keeping
with the much earlier work of Regge and Teitelboim [26] on conserved charges in
canonical quantum gravity in open universes.
It is interesting to note that while P is associated with a constant of the motion as
described in Refs. [24], a closely related quantity provides a local geometric denition
of time for dierent hypersurfaces within a static spacetime. Consider any 1-geometry
associated with a hypersurface in a static classical solution. It can be intrinsically
described by the function (s), where s is the proper distance along the hypersurface
measured from some base point B at innity, and  is the value of the dilaton eld.
Let 
0





(0). Consider now a set of hypersurfaces passing through B that are dened by

i
(s) which dier from 
0
(s) only in some nite interval 0 < s < s
0












Using (24) to give 
























closely related to P . Here S > s
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Since in the static coordinate system 
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By denition t is zero for 
0
, but is non-zero for any 
i
(s) over the region 0 < s < s
0
.
















is some constant of proportionality (this can be shown using Eqs. (21) and











We have shown that the appropriate state to consider as a semiclassical state for
quantum gravity is a superposition of WKB type states which is peaked around some
values of the reduced phase space variables, with close to minimal uncertainty in the
reduced phase space variables. A pure rst order WKB state on the other hand is an
approximate eigenstate of half of these variables and hence not adequate. When matter
is present the correct ansatz for the gravity part is still a gaussian superposition, since
this is perfectly compatible with the derivation of the Schrodinger equation from the
Wheeler{DeWitt constraint.
Using a superposition of WKB states, we were able to give a heuristic treatment
of higher order eects due to the quantum nature of the background geometry. This
allowed us to identify certain situations in which the semiclassical approximation is
inconsistent because of the sensitivity of matter propagation to small uctuations in the
background geometry. An example of this type of situation is given by the breakdown
of a semiclassical description of matter propagating on a black hole spacetime [8, 9].
We also showed that as a consequence of quantum uctuations, coordinate invariance is
lost on the Planck scale, and in certain cases, such as near the black hole, this extends
to macroscopic scales.
We have not discussed in this paper how it is that a system described by the
Wheeler{DeWitt equation comes to nd itself in the particular state that exhibits
semiclassical behaviour. There is in principle no dynamical or kinematical reason to
prefer this state over any other. Perhaps the most likely answer to this question is that
decoherence eectively drives any initial state to a conguration in which observations
are equivalent to those within the gaussian state. It is important to note, however, that
decoherence cannot drive a state towards any conguration for which the background
spacetime is more classical than the one we have described.
Acknowledgements
We are grateful to D. Giulini, J. Halliwell, E. Keski{Vakkuri, J. Samuel, T. P. Singh
and A. Vilenkin for helpful discussions.
15
References
[1] R.Arnowitt, S. Deser and C. Misner Phys. Rev. 117, (1960) 1595.
[2] V. Lapchinsky and V. Rubakov, Acta Phys. Pol. B10 (1979) 1041; T. Banks,
Nucl. Phys. B249 (1985) 332
[3] J. J. Halliwell Phys. Rev. D36, (1987) 3626.
[4] J. Hartle, Progress in quantum cosmology, in Proceedings, 12th Conference on
General Relativity and Gravitation, Boulder, 1989, edited by N. Ashby, D. F.
Bartlett and W. Wyss (CUP, Cambridge, 1990); A. Vilenkin, Phys. Rev. D39
(1989) 1116; C. Kiefer, The semiclassical approximation to quantum gravity,
Freiburg University Report No. THEP-93/27,to appear in Canonical Gravity -
from Classical to Quantum, edited by J. Ehlers and H. Friedrich (Springer, Berlin
1994) (gr-qc/9312015).
[5] C. J. Isham, Canonical quantum gravity and the problem of time, presented at
the 19th International Colloquium of Group Theoretical Methods in Physics,
Salamanca, Spain, July 1992 (gr-qc/9210011).
[6] S. Habib and R. Laamme, Phys. Rev. D42 (1990) 4056.
[7] U. Gerlach, Phys. Rev. 177 (1969) 1929.
[8] S. D. Mathur, Black hole entropy and the semiclassical approximation, MIT re-
port No. CTP-2304, to appear in the proceedings of the International Colloquium
on Modern Quantum Field Theory II at TIFR (Bombay), January 1994 (hep-
th/9404135).
[9] E. Keski-Vakkuri, G. Lifshytz, S. Mathur and M. E. Ortiz, to appear in Phys.
Rev. D.
[10] A. Peres Nuovo Cimento XXVI, (1962) 53.
[11] K. V. Kuchar, Phys. Rev. D39 (1989) 1579.
[12] D. Cangemi and R. Jackiw, Phys. Lett. B337 (1994) 271.
[13] D. Giulini and C. Kiefer, Consistency of semiclassical gravity, Freiburg Report
THEP-94-20 (gr-qc/9409014).
[14] H. Goldstein Classical Mechanics, Addison-Wesley publishing Company, (1980).
[15] A. Komar, Observables, correspondence and quantized gravitation, in Magic
Without Magic, ed. J. Klauder, San Francisco, 1972.
16
[16] C. Crnkovic and E. Witten, Covariant description of canonical formalism in
geometrical theories, in Three Hundred Years of Gravitation, eds. S. Hawking
and W. Israel, Cambridge University Press, Cambridge, UK 1987.
[17] S. Mathur Real time propagation in the rst quantized formalism, , MIT-CTP-
2273, to appear in the proceedings of the Thermal Fields Workshop, Ban,
Canada, August 1993 (hep-th/9311025).
[18] C. Kiefer and T. Singh, Phys. Rev. D44, (1991) 1067.
[19] See for instance C. Misner, K. Thorne and J. A. Wheeler, Gravitation, W. H.
Freeman, San Francisco (1971).
[20] C. G. Callan, S. B. Giddings, J. A. Harvey and A. Strominger, Phys. Rev. D 45
(1992) R1005. For reviews see J. A. Harvey and A. Strominger, Quantum aspects
of black holes, in the proceedings of the 1992 TASI Summer School in Boulder,
Colorado (World Scientic, 1993), and S. B. Giddings, Toy models for black hole
evaporation, in the proceedings of the International Workshop of Theoretical
Physics, 6th Session, June 1992, Erice, Italy, ed. V. Sanchez (World Scientic,
1993).
[21] G. 't Hooft, Nucl. Phys. B335 (1990) 138, and references therein.
[22] L. Susskind, Phys. Rev. D49 (1994) 6606.
[23] D. Louis-Martinez, J. Gegenberg and G. Kunstatter, Phys. Lett. B321(1994)
193
[24] T. Banks and M. O'Loughlin, Nucl. Phys. B362 (1991) 649; A. Ashtekar and
J. Samuel, Bianchi cosmologies: the role of spatial topology, Syracuse Report
PRINT-91-0253 (1991); K. V. Kuchar, Geometrodynamics of Schwarzschild black
holes, Utah Preprint UU-REL-94/3/1, (gr-qc/9403003); H. A. Kastrup and T.
Thiemann, Spherically Symmetric Gravity as a Completely Integrable System,
Preprint PITHA 93-35, (gr-qc/9401032).
[25] F. D. Mazzitelli and J. G. Russo, Phys. Rev. D47 (1993) 4490.
[26] T. Regge and C. Teitelboim, Ann. Phys. 88 (1974) 286.
17
